The objective of this study is to understand the combustion process in confined chamber when the size is small and the ignition energy is limited. As a first step, the geometry of a 1.0 kW Wankel engine, which has a displacement of 5.0 cm 3 , has been chosen and a static combustion chamber with volume 141-282 mm 3 has been built. Three parameters: pressure, temperature, and chamber size are being investigated.
Nomenclature

I. Introduction
In order to better understand the combustion process that occurs in engines of small scale, the ignition and subsequent combustion event has been independently examined to mitigate the effects of engine processes (such as sealing, compression ratio, spark timing, oil contamination, etc.) on the ignition and combustion event. As a first step, the geometry of a 1.0 kW Wankel engine, which has a displacement of 5.0 cm 3 , has been chosen and a static closed combustion chamber which mimics the combustion process at the top dead center (TDC) position has been built. The chamber is quasi-sealed; the inlet and outlet orifices have been sized to mimic loss in pressure due to leakage of engine seals. The system is instrumented with pressure transducers and optical imaging systems.
The objective of this study is to observe flame structure and to understand the combustion process when the size of the chamber is small and the ignition energy is limited. Previous studies have examined the limits of ignition and combustion 1 and the resulting pressure rise. 2 Three parameters; pressure, temperature, and chamber size, are parametrically varied and the resulting flame structure is observed. Initial pressure is varied to simulate conditions in the engine after the compression process. Initial chamber temperature is varied to examine the effect of heat losses on the combustion process, and partially simulates compression and convective heating of the compressed intake charge. Three different width of chambers were tested, 8 mm, 6 mm, and 4 mm, to vary the ratio of the heat release to the heat loss. The ignition energy has been fixed to minimize the amount of parasitic power drawn from the engine, while still consistently igniting the mixture.
In the experiments, the unsteady pressure inside the chamber was measured to determine whether ignition has occurred and to obtain the resulting pressure rise from which useful work may be extracted. In addition to these pressure measurements, a zero-dimensional model using Cantera has been developed to estimate the resulting pressure rise based upon chemical conversion efficiency within the combustion chamber.
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In the present work, schlieren 3 images were extracted using high speed camera. From the sequential images of flame propagation after successful ignition, flame propagation speed along the chamber center line was measured and used for estimation of mass burn rate for each case. From the same figures, the flame structure was deduced and instability was observed. Study on the flame instability has been of great interest since Darrieus 4 and Landau 5 showed that infinitely thin planar flame front is absolutely unstable against two-or three-dimensional perturbations. These perturbations are caused by the gas expansion produced by heat release in a thin, wrinkled premixed flame propagating towards unburned gas. This in turn will deviate flow lines across the front towards the flame front normal vector. For low Mach number deflagrations, like those experienced here, the flow can be considered quasi-incompressible, and the upstream flow lines are also deviated, creating flow divergence and velocity gradients that increase the wrinkling of the flame. 6 7, 8 further carried out an analysis on the instability of large scale spherical flame and showed a criterion for the critical Peclet number, which is defined by radius of the flame surface. It should be noted that instabilities occur in the present experiment even within the smallest channel, 4 mm that is much smaller than expected by this criterion. Bradley also pointed out there are four regimes of premixed, large scale flame propagation: (i) stable laminar flame propagation; (ii) unsteady flame cracking and cell formation; (iii) cellular flame propagation; and (iv) self-turblizing flame propagation. To enhance the combustion inside the small chamber to increase the mass burning rate and in turn potential power output of small engines, transition to turbulent regime is desired. Therefore the mechanism of the onset of flame instability inside the rectangular chamber needs to be clarified. Although much work has been done on flame instabilities, most of the work was applied to spherical configuration with adiabatic condition. Only recently, Bechtold 9 examined the effect of radiative heat loss on laminar flame instabilities.
Bradley
Other work on small scale combustion in engines has determined the flame regime (as determined by examination of a Borghi diagram 10 ) to be in the flamelets in eddies regime, despite the small scale. 11 These findings, in conjunction with the current studies, are significant because they indicate that there may be a more turbulent flame structure within small scale combustion chambers than previously suspected.
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Increased levels of turbulence are required to increase mass burning rates and in turn engine power output at reduced scales. Unfortunately, increased turbulence will also increase convective heat transfer to the walls of the chamber.
In the present work, the effect of heat loss to the initiation of flame instability will be discussed. It should be pointed out that the results of this testing is of flame propagation into an initially static gas mixture. Future work will investigate the impact of flame propagation into a dynamic gas mixture (as is experienced in Wankel engines).
II. Experimental Set Up
A static combustion chamber was developed to obtain fundamental understanding of a combustion event that occurs in millimeter sized chamber over a range of temperatures and pressures. The Wankel engine consists of a triangular rotor that revolves inside the epitrochoidal hosing. The rotor has a combustion pocket to increase the size of the combustion chamber and to pass gases from one sealed chamber to another. The static combustion chamber mimics the geometry of the combustion pocket at top dead center (TDC), the minimum chamber volume at which combustion is initiated. Figure 1 shows side and cross-sectional views of the Wankel engine at TDC and our static test chamber. As an initial testing device, the curved surfaces have been approximated as planes, keeping the overall dimensions the same. The dimensions of the static chamber are 22 mm × 1.6 mm. The width can be changed to 4, 6, or 8 mm for a volume of 141, 211, 282 mm 3 . Pressure measurements were performed with a stoichiometric mixture of butane and air over a range of initial pressures from 0 psi (1 atm) to 100 psi (6 atm) and at four initial temperatures (25 The auxiliary equipment (figure 2) included a 2.25 mixing chamber (Whitey 304 SS DOT-3A 1800) that contained the fuel and air at a specific stoichiometry. The stoichiometry was obtained by filling the tank with air to atmospheric pressure, then adding the fuel to a calculated partial pressure, and finally adding compressed air to the final pressure. Two solenoid valves (Asco 8225B-006V) and a 0-200 PSIG Omega pressure transducer (model # PX176-200S5V) were used to fill the chamber to a set pressure. A 3" × 1" 50 W strip heater and a temperature controller (Watlow model S1A3JP1 and 96A1-CKAR) controlled the temperature. A 100 µF capacitor was charged to 28.3 volts and discharged through both an ignition coil with a 100:1 turns ratio (MSD Blaster part # 8223) and a custom tungsten electrode to ignite the mixture at 40 mJ. It should be noted that the energy measured is the energy that is discharged from the capacitor, not what is delivered to the fuel-air mixture, as there are certain losses in the ignition system. For high data rate pressure measurements, an aluminum plate and a Kistler 601B pressure transducer was mounted with a Type 222P needle adaptor over the combustion chamber. For visual observations, the aluminum plate can be replaced with a quartz plate (See figure 1 ) . The Fourier number for the aluminum and quartz plate with 1 cm in thichness and with characteristic time of 3 ms is estimated as Fo = O(10 −3 ) and Fo = O(10 −5 ), respectively. The both Fourier number are sufficiently small so that the temperature distribution in the chamber material can be negligible for both aluminum and quartz plate. Therefore, it can be said that the data obtained with the aluminum plate and the quartz window does not have significant difference and can reasonably be compared.
Schlieren images were collected for stoichiometric butane-air mixtures with varying initial pressure and temperature and an ignition energy of 40 mJ. Figure 2 shows the schematics of schlieren visualization setup, which consists of Xenon point light source, a beam splitter, a collimating mirror (φ = 10 cm), a flat mirror mounted on back side of chamber, a concentric color slide, and a high speed camera (Kodak HG Imager Model 2000). Flame propagation inside the three different chambers for the same temperature and initial pressure range was visualized.
The test procedure was to set the chamber to a given temperature and then to fill the chamber with a fuel-air mixture to a set pressure. The mixture was allowed to thermally equilibrate for ten seconds and then an attempt was made to ignite the mixture by discharging a capacitor with a fixed amount of stored energy. Flame propagation after successful ignition was observed using schlieren technique for the conditions tabulated in table 1. Only the schlieren images taken for the condition of initial pressure 40 psi (3.7 atm) and temperature 50
III. Experimental Results
• C are shown sequentially in figure 3 . Each temperature and pressure condition was repeated three times, and from these sequential images, we obtained a laboratory observed flame propagation speed, S b , which are then averaged for each condition and plotted in figure 4 . At lower initial pressure condition the flame propagated for only half or three quarters of chamber, thus flame speeds were calculated from the available data. It can be seen from the figure that the maximum flame propagation speed observed is approximately slightly less than 4.0 m/s. This value, 11.8 × S b0 , is significantly larger than the value quoted in literature: 0.34 m/s for large scale. The minimum flame propagation speed in 4 mm chamber is little less than 1 m/s and much greater than quiescent laminar flame speed. This is due to the flame induced flow fields behind the reaction front. Bychkov et al. pointed out that the flame speed in closed vessels accelerates or decelerates depending on the thermo-chemical property. 13 Flame speed in the laboratory frame right after the ignition can be expressed as:
where Q is the heat release, c p is the specific heat capacity, and S b0 is the normal flame propagation speed. T in is the initial temperature inside the chamber. q is the scaled heat release by the reaction. Using the value for stoichiometric butane/air mixture with 0.06 mass fraction of butane, Q = 46 × 0.06 MJ/kg − mixture and c p = 1.1 × 10 3 J/kg · K, the flame propagation speed can be estimated as S b ≈ 9.4S b0 to 7.7S b0 for T in equal to 25
• C and 100 • C respectively. This agrees with the experimental data for 8 mm size chamber at higher initial pressure quite well.
IV. Discussion
A. Mass burn rate inside the chamber Mass burn rate, w r kg/s, was calculated from the flame speed measured from the sequential images for all test conditions. To obtain a mass burn rate in a channel for a given condition, first the density, ρ in , for the initial temperature, T in , was estimated using cantera code a . Then, the flame speed shown in figure 4 was multiplied by the density ρ in and the cross-section area, A, as;
Mass burn rate against initial pressure for all condition is shown in figure 5.
Impact of initial pressure and temperature
The effect of initial temperature on mass burning rate seems to be negligible within the range we have tested. However, taking into account the fact that the initial density of fuel/air mixture decreases as initial temperature increases, it is clear that the reaction rate increases to keep mass burning rate constant. This can be seen in figure 4 that the flame propagation speed slightly increases as initial temperature increases in any size of chambers. The effect of decreasing heat loss due to higher initial temperature is not clear from the mass burn rate in figure 5 . This is due to the current definition of mass burn rate, which is calculated from the value at the chamber center line where the heat loss does not significantly affect flame propagation rates. Some impact on flame propagation may be observed in experimental cases where Landau-Darrieus instabilities are noted, but has not been quantified. The effect of heat loss due to the smaller size will be discussed later.
Flame propagation speed is approximately constant after initial pressure exceeds certain value. This, however, does not necessarily mean that the reaction inside the chamber does not change. In fact, mass burn rate increases as initial pressure increases, which implies the reaction rate is enhanced. This trend is observed in stable and unstable (wrinkled) conditions.
Effect of reducing the chamber size
With the same initial temperature and pressure conditions, mass burning rate decreases as the size decreases. When the size becomes smaller, the ratio of the heat release to the heat loss (Q gen /Q loss ) decreases so that the mass burn rate decreases. The impact of chamber size on mass burning rate at low pressure (1 atm) is difficult to discern due to the low absolute values, although it appears that this trend continues. Note that the minimum width of our chamber, 1.6 mm is less than the value for the quenching distance quoted in literature.
14 Nevertheless, flame propagation was observed inside the test section for all test conditions carried out including 0 psi (1 atm) and 25
• C. The ignition energy of 40 mJ that was used for the experiment is 70 times higher than the minimum ignition energy of 0.6 mJ.
10 It is reported 14 that though the quenching distance does not depend on ignition energy for flanged electrodes, it does decrease for higher ignition energies for single flanged electrodes, which is similar to the igniter in the chamber.
B. Flame wrinkling
A wrinkled flame front was observed inside the smallest chamber 4 mm for higher initial pressure and lower initial temperature conditions. The sequential images after ignition initial pressure 40 psi and temperature 25
• C are shown in figure 6 . As can be seen from the figure the flame front changes from an initially smooth round shape to a wrinkled one after it passes the half of the channel, approximately 4.0 ms after ignition. It was discussed for the adiabatic condition that the length of the channel L needs to be large enough, for Darrieus Landau instability to grow 15 as;
where L is the length of channel, and L 0 is flame thickness. Heat loss is thought to play a critical role on onset of initiation of instability since our chamber, 3L 0 , is much shorter than 200L 0 . In addition, there may be instabilities inherent in our system due to an initial disturbance from the spark ignition. Another potential instability mechanism is derived from the flow fields at the inlet and exhaust ports of the system. Since the instability is not observed for all test conditions, these possible cause are not thought to be significant. Using the criterion 13 (equation (4)) developed by Bychkov, a critical boundary for a flame inside a confined channel to accelerate or decelerate was plotted with broken line for stoichiometric butane/air mixture in figure  7 . This acceleration criterion is used as the determination of flame stability as will be described later.
where γ is adiabatic exponent, and n is the order of reaction. In figure 7 , γ = 1.36 and n = 2 was used for stoichiometric butane/air mixture. Using the activation energy E of a onestep reaction, specific heat release Q, specific heat capacity c p , and initial temperature T in , Bychkov showed analytically that when the dimensionless parameter ε = E 2(Tin+Q/cp) is greater than the critical value, ε c , a flame inside a closed chamber becomes unstable. This is due to the fact that below a critical value for ε, the flame speed decelerates, leading to a stable flame, and above the critical value, the flame speed will accelerate, producing an instability as the flame cannot expand indefinitely and wrinkles upon itself.
In the same figure, the relation between the two dimensionless parameters ε and q is shown by a dotted lines for each initial temperature in accordance with a cross-mark representing the adiabatic condition. The scaled activation energy for the adiabatic condition is below the critical line and thus the flame is stable. Starting from the adiabatic point, the relation of the two parameters of the system moves toward the left until it crosses the critical line.
The scaled heat release q can be estimated using flame propagation speed plotted in figure 4 and superposed on figure 7. In the figure, an open symbol represents a wrinkled (unstable) or a quenched (half way quenched) experimental case, as is summarized in the table 2 for further reference. As can be seen in figure 7 , the analytically estimated line of ε c predicts the critical boundary of experimental data quite well. The figure shows the flame for the initial temperature 25
• C and pressure 0 psi (1 atm) in 4 mm chamber, which has the scaled heat release q ≈ 2, is above the critical line and unstable. Besides, when the initial temperature increases, the line for the relation between the scaled activation energy and the scaled heat release moves downward in the figure, which broaden the stable region in the line. As the heat loss become greater, the scaled heat release q become lower and eventually flame can not propagates all the way to the end of channel as noted before. This implies another critical boundary for successful flame propagation inside the chamber. 
V. Conclusion
In the present work, a static chamber of millimeter scale has been built to investigate the combustion properties inside the small size IC engine. Initial pressure and temperature was controlled to simulate the engine operating conditions.
From the sequential schlieren images the flame propagation speed in laboratory frame was measured. The experimental value showed good agreement with empirical expression given by Bychkov.
13 Mass burning rates were calculated using the obtained flame speed and initial density. It was determined that the mass burning rate is essentially constant over the initial temperature range of these experiments. This is most likely due to the competing effects of increased reaction rates and decreased initial charge density with increasing temperature. Dependency of mass burn rate on initial pressure and temperature was discussed. Mass burn rate stays constant with the competing two effect of increasing temperature, i.e., increase in reaction rate and decrease in initial density. As initial pressure increases, the mass burn rate increases mostly due to high initial density.
Flame instability was observed in much shorter channel length than reported before. That is because the increase in heat loss due to the reducing overall size of channel and high aspect ratio of cross section. Experimental data was compared with analytical modeling done by Bychkov, 13 and showed good agreement. The mechanism for instability due to the increase in heat loss was pointed out. This mechanism explained the tendency of experimental data qualitatively well.
Future work will include testing of smaller chambers to further understand the effects of high surface area to volume ratio chambers on combustion.
